We study experimentally steady-state photorefractive screening solitons trapped in both transverse dimensions and measure their beam profiles as they propagate throughout the crystal. The solitons are observed to be axially symmetric, and they self-bend. We characterize the soliton dependence on the optical intensity, applied electric-field strength, and beam diameter. 
Spatial solitons in photorefractive media 1 have attracted much interest in the past few years. At present, three types of scalar soliton have been found. First, a suitable external field applied to a photorefractive crystal supports transient bright and dark solitons, trapped in one and two transverse dimensions (named quasi-steady-state solitons). 1, 2 Second, photorefractive-photovoltaic materials support bright and dark steady-state photovoltaic solitons. 3 Third, application of an external electric field also permits steady-state photorefractive solitons, as suggested by Iturbe-Castillo et al. 4 based on one-dimensional (1-D) steady-state self-focusing observations in Bi 12 TiO 20 . The theory of steady-state solitons was formulated in Refs. 5 and 6, and these were named screening solitons. 5 They result from spatially nonuniform screening of the applied f ield, which lowers the refractive index away from the center of the optical beam and forms a waveguide. Recently, screening solitons trapped in both transverse dimensions were reported. 7 Here we study the two-dimensional (2-D) steady-state screening soliton, report detailed measurements of soliton properties, and show that the solitons can be axially symmetric.
In one transverse dimension, our calculations show that the narrowest screening soliton is obtained for soliton peak intensities roughly three times larger than the sum of the background and the dark irradiances. 5 We use background intensities of mW͞cm 2 (much greater than the dark irradiance), which permit observations of 1-10-mW solitons with 0.1-1-s response times in strontium barium niobate (SBN). 7 The background irradiance is provided by a laser beam illuminating the crystal uniformly and polarized orthogonally to the soliton beam. Since our 1-D calculations showed that the soliton depends on the intensity ratio (rather than on absolute intensity, as in Kerr media), it is important to keep that ratio constant throughout propagation even in the presence of absorption. We therefore launch copropagating soliton and background beams.
We generate the screening solitons in SBN:60 by launching an extraordinarily polarized TEM 00 beam ͑l 514 nm) along the crystalline a axis. 7 A typical top-view photograph of a 10-mm-diameter (FWHM) soliton propagating for 5.5 mm is shown in Fig. 1 (upper trace). An axially symmetric soliton with an intensity ratio of 70 required 3400 V applied along the crystalline c axis between electrodes separated by 5.5 mm. Within the resolution of our top-view imaging system ͑64 mm͒, the soliton beam did not experience any changes in its diameter. A slightly lower voltage generated an elliptical soliton beam that is narrower in the direction parallel to the external field, whereas a slightly higher voltage gives rise to a soliton narrower in the direction perpendicular to the field. At zero voltage the beam diffracts to roughly 57-mm FWHM diameter, 8 as shown by the lower trace in Fig. 1 . Using interferometry, we determine that the transverse phase of the soliton at the exit face of the crystal is uniform. Hence, the soliton beam at the exit face acts as a minimal waist, and Gaussianbeam optics can be used to image it onto a CCD camera. 7 The soliton is stable and reshapes itself; hence one does not have to launch a beam of the proper (soliton) size, but rather the soliton evolves into its stationary shape and size. Figure 2 compares the evolution of input beams of different sizes and transverse phase under fixed voltage and intensity ratio. output prof iles (lower traces) when the input face of the crystal is located at its minimal waist of the input beam. Figure 2 (b) shows 17-mm input beam profiles (upper traces), the diffracted output prof iles at zero voltage (middle traces), and the 12-mm soliton output prof iles (lower traces) when the input face of the crystal is located 500 mm away from the minimal waist. Although the beams differ by 40% in width and significantly in their transverse phases, the output soliton prof iles are nearly identical. The soliton stability and reshaping are also seen by comparing the prof iles of the diffracted beams (Fig. 2 , middle traces), significantly perturbed by material inhomogeneities, with the smooth soliton prof iles (Fig. 2,  lower traces) .
To investigate soliton evolution, it is desirable to image the soliton beam prof ile as it propagates throughout the crystal. For this purpose we cut a SBN crystal at 15 ± with the a axis (Fig. 3 ) and launch the soliton at different propagation distances by translating the beam laterally (keeping all other parameters unchanged). By imaging the beam prof ile at the crystal output face, we obtain the soliton profiles for propagation distances of 3.15 to 3.85 mm shown in Fig. 3 (keeping a safe distance from the edges of the crystal). Within the 1-mm resolution of our front imaging system, the soliton beam maintains a constant 12-mm prof ile throughout the entire propagation distance. At zero voltage the beam diffracts from 12 mm at the input face to 26 mm at the shortest propagation distance (3.15 mm) and to 34 mm at the largest distance (3.85 mm).
To investigate axial symmetry of the soliton in our specially cut crystal, consider a soliton incident upon a dielectric interface (crystal -air) slanted at 15 ± (Fig. 3 , lower right). The beam is def lected by the interface to 37.5 ± with the normal to the surface (refractive index ഠ2.35). The beam prof ile normal to the plane of the drawing (the prof ile parallel to the c axis) is transformed as is to air without a change in size, while the prof ile in the plane is altered by the def lection, together producing a 2-D beam that looks elliptical. Since the soliton beam has a uniform transverse phase, its diameter d is transformed into a (slanted) diame-
, which is what we image experimentally. For an axially symmetric 12-mm-wide soliton beam, we obtain the imaged profiles shown at the left in Fig. 3 , which are elliptical with d 0 10 mm and d 12 mm. Thus we conclude that the soliton maintains a constant prof ile and diameter during propagation and is axially symmetric. Although our theory 5 analyzes 1-D solitons, we can compare it with experiments with 2-D solitons. The theory 5 shows that a 1-D soliton of a given diameter and intensity ratio exists at a single value of external field. To investigate this qualitatively for 2-D solitons, we perform a series of experiments with axially symmetric solitons of various diameters in normal-cut crystals. We f ind that for a 2-D soliton for each value of intensity ratio there exists a single value of applied field that supports an axially symmetric soliton. Figure 4 shows the soliton width (FWHM) in normalized units j as a function of the intensity ratio, where j xkn 2 b p r 33 V ͞ᐉ, with x the soliton diameter in dimensional units, k the wave number in vacuum, n b the background refractive index, and V the voltage applied between electrodes separated by ᐉ. The trend is similar to that predicted by the 1-D theory. The range of intensity ratio is limited by surface breakdown currents (at large ratios, which require higher f ields) and by instability (the beam varies continuously in time, never reaching steady state) of the soliton beam at low ratios. The instability at low ratios may be associated with striations, which spatially modulate the background irradiance, or, since in this limit the nonlinearity resembles the Kerr nonlinearity, 5 the instability may be fundamental, because 2-D Kerr solitons are inherently unstable. For intensity ratios .5, the 2-D soliton is stable.
Singh and Christodoulides 6 predicted that solitons should self-bend 9 toward the c axis and maintain their shape. This results from the diffusion field, which is the first correction to the leading term 1͑͞1 1 I ͒ in the space-charge field (which traps the soliton). 5 The magnitude of self-bending is a function of the intensity ratio, the diffusion, and the applied fields. We measure self-bending as large as 20 mm, by measuring the distance from the center of the diffracted beam to the center of the soliton immediately after turning the beam on (before the diffusion f ield evolves). Figure 4 shows the measured self-bending offset in micrometers as a function of intensity ratio which appears to obey a linear relation.
Finally, we note that Zozulya and Anderson 10 state that the evolution of a Gaussian-type beam in a biased photorefractive crystal is characterized by oscillations of its diameters in both transverse axes and by spreading, uncharacteristic of solitons. Their numerics predict oscillations from 35 to 17.5 mm every 2 mm. Figures 1-3 here and Ref. 7 suggest that these simulations are in a very different regime from the solitons that we observe. The observed soliton beam maintains a constant diameter (Figs. 1 and 3) , and no oscillations in its diameter are observed. A possible reason for the disagreement with Ref. 10 is that solitons exist for a specific set of parameters, as shown by our 1-D calculations 5 and in Fig. 4 . In a given crystal a soliton of a specif ic diameter at a given value of intensity ratio exists at a single value of the external field. Furthermore, even in the 1-D case ''optical beams that significantly differ from soliton solutions tend to experience cycles of compression and expansion.'' 6 Apparently, the parameters used in that numeric 10 were too far from those that can support a soliton. Even a Gaussian beam propagating in Kerr media 11 is characterized by oscillations in its diameter, and the beam coverges to a soliton only if the parameters are close enough to the soliton parameters. We observe that when we detune the applied field or the intensity ratio by more than 20% from the soliton values the beam breaks up (f ields too high for that intensity ratio) or does not form (f ield too low; only self-focusing observed). We conclude that the numerical work of Ref. 10 does not describe the experimental results presented here. Note that our observations of axially symmetric solitons do not contradict calculations 10, 12 that predict a strong astigmatism of the induced lens in the regime in which the intensity ratio is much less than 1, since the 2-D solitons could never be observed in this regime.
